Introduction
A temperature is an important parameter for system controls and quality controls. Currently, the major instrument for recording the temperature is a physical probe such as a thermocouple. However, the physical probe affects the temperature distribution and possesses a space. Then, an ultrasonic probe attracts attentions [1] . The ultrasonic probe obtains the temperature by measuring a sound velocity. Using the sound probe, only the mean temperature between two transducers is acquired. If the temperature distribution is acquired, computerized tomography (CT) [2] method is needed. This method, however, has a problem. The probe measuring the sound wave is on the sound beam axis. Thus, it is difficult to measure the sound velocity with obstacles on the sound beam axis.
For measuring the temperature with obstacles on the sound beam axis, we propose two methods. Firstly, to measure the sound wave, we use an optical probe [3] . To measure the sound wave with the optical probe, a refractive index fluctuation by the sound wave is utilized. The optical probe overcomes obstacles, because the optical probe is on the vertical axis of the sound beam. Secondly, to determine the sound velocity, we use near-field acoustical tomography (NAH) [4, 5] . A characteristic using NAH is that any sound source can be used. It is unnecessary that the sound wave is a plane wave.
In this paper, we propose the system for determining the sound velocity in a three-dimensional space with obstacles by measuring two two-dimensional sound fields using common sound source. The sound field is measured using Optical-CT method, and the sound velocity is determined using application of NAH. where φ c , φ y , δ and λ are a phase difference under a static sound pressure, a phase difference by the sound pressure, a proportionality factor pertaining to the sound pressure and a refractive index [6] and a wavelength of the light, respectively.
The intensity of the interference light is detected by the APD, and a real part of the complex amplitude signal and an imaginary part of the complex amplitude signal are electrically obtained by a quadrature detector. The signals are projection data of the real and imaginary part of the complex sound pressure amplitude, respectively. Thus, some projections are obtained with rotation scannings, and the radiated sound field is reconstructed from projections using CT method [3] .
Propagation of any sound field
The complex pressure of the sound fields given by the method described in above subsection at the plane of z=z are expressed as p CT (x, y, z). Any complex pressures at z=z' expressed as p AH (x, y, z') are propagated from the experimental data at the plane of z=z using NAH. Here, we consider a coordinate system as shown in Fig. 3 . The propagated field is in parallel with the reconstructed field, and the ultrasonic transducer only vibrates along the z-axis.
A relationship between the complex sound pressure at the propagated field and at the reconstructed field is given by
where * and h denote convolution integral and a propagation function. When a spatial Fourier transform of the complex pressure of the sound fields and the propagation function are expressed as
Then, the complex sound pressure at the propagated field is propagated by computing a inverse Fourier transform of P AH (k x , k y , z'), obtained by eq. (4). Here, the Fourier transform of the propagation function is given by a problem of a sound radiation from oscillating a flat plate, and expressed as
where k is a wavenumber [4] . Fig. 4 shows a frequency characteristic of the propagation function. The characteristic is changed at the wavenumber. Using the propagation function, any sound field can be propagated by the reconstructed sound field [5] . In addition, any sound sources are adequate, as far as we know that the phase of the ultrasonic wave is increased or decreased.
Determination of sound velocity
The wave number in water used for the propagation is determined by a water temperature and a frequency of the ultrasonic waves. Then, the actual wave number k CT is determined by the propagated sound field using NAH at z=z' and the reconstructed sound field using CT at z=z'. ( , , ') ( , , ) ( , , ' ), ( , , ') ( , , ) ( , , ' ),
where P AH , P CT , H AH and H CT are respectively a Fourier transform of the propagated sound pressure, of the reconstructed sound pressure, of the assumed propagation function, and of the actual propagation function. A phase difference between two reconstructed fields at z=z and z=z' is not suitable for a determination of the sound velocity, because the phase difference can be greater than 2π at a close  propagated distance. A phase difference between P CT and P AH is denoted Φ d , and the actual wave number k CT is given by the phase difference.
Transforming eq. (7), The actual wave number is given in the two-dimensional wave number domains. Under an isotopic and a homogeneous medium, the wave number is constant everywhere. Thus, the sound velocity is also constant. 
Experimental Results

Reconstruction of the sound fields
An experimental setup is shown in Fig. 1 . A light source is a He-Ne laser (Melles Griot 05LHP151) with a light wavelength of 632.8 nm. The laser is branched into two light paths using a half mirror. An ultrasonic wave radiated from a transducer (PANAMETRICS A31OS-SU) is installed in the companion path of two light paths with a water tank. A diameter of the piezoelectric transducer is 6.0 mm. The transducer is set to mechanical x-and θ-stages and is scanned relative to the light beam. An optical intensity of interference light is measured by an APD module (Hamamatsu Photonics C533-03 7L-748). A onedimensional distribution of the optical intensity along the xaxis is acquired by moving the x-stage, and projection data for reconstructing the sound fields using CT is acquired by moving the θ-stage. The signal applied to the ultrasonic transducer is generated using a function generator (Hewlett Packard 33120A) at a frequency of 5.0 MHz. Signals of the intensity of the interference light are digitized using a digital oscilloscope (Hewlett Packard 54645A). Measured data are acquired into a personal computer (PC) through a General Purpose Interface Bus (GP-IB). Fig. 6 shows a layout plan of the system for determining the sound velocity. In this paper, a metal bar is on the sound beam axis as an obstacle. A diameter of the bar is 5.0 mm, and the bar is at z=20 mm. The bar is lean at an angle of 5 degree with the x axis. The reconstructed planes using CT are at z=40 mm and z=45 mm, and the reconstruction region in x-and y-directions are -14 ≤ x ≤ 14 mm and -14 ≤ y ≤ 14 mm, respectively.
The projection data for the CT are acquired by liner scan and rotation scan. The linear scanning region in the x direction is -20 ≤ x ≤ 20 mm with 0.2 mm steps, and the range of the rotation is 0 ≤ θ < π rad with π /18 rad rotation step angles; 18 projection data are acquired. The images of the sound fields at z=40 mm are similar to the images at z=45 mm, and an influence by the obstacle is shown in Fig. 7 . Using NAH, the sound fields at z=45 mm is propagated by the sound fields at z=40 mm. dot 'x': determined result; dashed line; reference value, sound velocity at 27 °C. Fig. 8 shows a phase difference in a wavenumber domain between the reconstructed sound fields using CT and the propagated sound fields using NAH at z=45 mm. Around range of -3000 ≤ k x ≤ 3000 rad/m, a peak is existed. The peak is similar to the phase of propagation function shown in Fig. 4 . The results of reconstructed sound fields using CT are pertinent results to determine the sound velocity. 
Conclusion
A constant sound velocity in a three-dimensional space with an obstacle was determined using O-CT and NAH. The sound fields radiated from a circular transducer with a diameter of 6.0 mm and driven at 5.0 MHz was reconstructed at a reconstructed plane, 40 mm from the transducer, and at a reconstructed and propagated plane, 45 mm from the transducer, using O-CT. A complex pressure at the reconstructed and propagated plane was propagated using NAH from the data reconstructed at the reconstructed plane.
The sound velocity was determined using the reconstructed and propagated sound fields at the propagated plane z=45 mm. The determined sound velocity in a region of 28 × 28 × 5 mm 3 was also in fair agreement with a sound velocity at 27 °C in water. By improving the theory, we will be able to determine a distribution of a three-dimensional sound velocity.
The determination technique presented in this paper is expected to be applicable to the measurement of temperature and the detection of abnormality, among others.
